We investigate the effect of external stresses on structural and mechanical properties of a strained damaged thin layer by developing a continuum phase-field mesoscale model based on the introduction of an order parameter field, the defect concentration, coupled with a displacement field. We find that even in the case of an initially uniform distribution of point defects external stresses drive the nucleation of local regions with higher concentration of vacancies or selfinterstitials than their average value over the film. The effect can explain our experimental findings relating generation of highly heterogeneous regions in cobalt disilicide film fabricated in self-aligned processing on a silicon surface as well as improvement of fracture toughness in a tetragonal zirconia ceramics with oxygen vacancies.
Introduction
Material properties of thin solid layers are often controlled by complex microstructure formed during their fabrication. Let us assume a film with a uniform distribution of point defects that is uniaxially strained. If lattice deformations are small (in experiments discussed below they are limited to a few tenths of a percent), according to naive expectations, the distribution of the defects should remain the same in a strained state, i.e., homogeneous. The purpose of this paper is to prove that, in general, it is not true and even comparatively small stresses may result in any significant modification of a displacement field as well as the microstructure within the sample that can cause different mechanical and chemical changes on a macroscopic scale. We address this issue by means of a novel phase-field approach for a strained damaged layer based on the introduction of two continuum fields relating the defect concentration and atom displacements. The following section gives an outline of the theoretical approach and in remainder of the paper a simplified one-dimensional quasi-static model is studied numerically. The data obtained are discussed with respect to two our experiments dealing with strained thin layers of cobalt disilicide and zirconia ceramics that exhibit an 'unusual' sensitivity of their material properties to (apparently weak) disorder.
The model
Phase-field methodology has become increasingly recognized as a useful tool for simulating mechanical failure due to external stresses and understanding the role of the underlying physical processes (see the papers [1--4] and references therein). Advantages ofthe continuum approaches starting from basic theoretical assumptions have been clearly demonstrated: First, they avoid any abrupt interfaces, facilitating numerical convergence and, second, they are dealing with more realistic equations of motion for the material than alternative sharp interface theories. The diffuse interface models consider amorphous solids and are based on the introduction of two fields: that of a local order parameter describing fluctuations in the mass density and a standard displacement field u( r) of mass points measured from their original positions. The latter one representing strain in the material is usually treated within the conventionallinear elasticity theory whereas the former field is supposed to obey a double-well Ginzburg-Landau potential with two minima representing vacuum and perfect solid states (it turns out to be hard to realize physical limitations of such an approximation that covers the whole range of the order parameter between two limiting cases). In contrast to the works used two-field fracture models, we focus here on small fluctuations of both parameters when approximations made become more evident and physically clear. We show that in appropriate circumstances (if some scale in the material is comparatively small) the combination of weak disorder and strain may change the system properties dramatically.
In this section we present the basic ideas of the approach similar in philosophy to, but very different in detail from, the works cited above. Local disorder will be characterized by the relative concentration c(r) of point defects in the material, positive for vacancies and negative for self-interstitials; Ic(r)1 < 1. We start from a non-strained solid with a homogeneous distribution of defects c( r) = Co produced during its fabrication process when the system passed through a sequence of metastable states. If thermal fluctua-
